ABSTRACT Spatiotemporal elements related to the population dynamics of bagworms, Thyridopteryx ephemeraeformis (Haworth) (Lepidoptera: Psychidae), on white pine, Pinus strobus (L.), were investigated by sampling populations of bagworms repeatedly at 12 sites within a 50-km radius in central Indiana. The number of live bagworms declined over time by up to 95% in some sites, and the rate of population decline increased with the initial density of larvae. A comparison of population density of bagworms in past generations with that of the current-year generation revealed that sites heavily infested with bagworms from previous years carried a high number of live larvae early but not late in the season. The positive relationship between densities of bagworms in past and current generations observed at Þve of 12 sites suggests that larvae commonly do not disperse when they emerge on a suitable host. However, there was considerable variation relative to this pattern, suggesting that dispersal is common as well. Pupation and emergence of adults occurred in late summer and early fall, with some level of phenological asynchrony observed at different sites. Dates corresponding to 50% pupation or adult emergence varied by up to 12 d at different sites. Males suffered higher mortality than females during the pupal stage. The positive correlation between the mortality level of female pupae and previous yearsÕ population density may be related to a buildup of populations of natural enemies in sites that were previously heavily infested with bagworms.
The bagworm, Thyridopteryx ephemeraeformis (Haworth) (Lepidoptera: Psychidae), is a major pest of ornamental trees in the southeastern United States (Riley 1869 , Haseman 1912 , Jones and Parks 1928 , Kaufmann 1968 , Sheppard 1975 , Leonhardt et al. 1983 . T. ephemeraeformis is a univoltine insect that overwinters in the egg stage. Neonates emerge from their maternal bag in late spring to early summer, and shortly thereafter they construct a self-enclosing bag made of plant material and silk. The bag is continually enlarged throughout development as the larva undergoes seven instars. Larvae disperse by suspending themselves from a silk thread that can be blown by the wind to surrounding hosts. Shortly before pupation in late summer, the larva attaches its bag tightly to the host plant. Emerging adults exhibit extreme sexual dimorphism. The male is a small winged moth that readily ßies upon emerging from its pupal case. The neotenous female, in contrast, remains in her pupal case within her bag after emergence, which is indicated by a split in the anterior segment of the pupal case. The apterous female sheds abdominal hairs impregnated with pheromone outside her pupal case in the lower segment of the bag to attract males. During copulation, the male inserts its telescopic abdomen inside the female bag into her pupal case to reach her genitalia. In early fall, mated females lay their overwintering eggs within their pupal case interwoven with abdominal setae, then drop on the ground to die after oviposition.
T. ephemeraeformis is polyphagous, with a broad host range extending to 125 plant species in 45 families (Davis 1964, Moore and Hanks 2004) . Host plants vary in their suitability as food source for larvae Santamour 1990, Ward et al. 1991) , and plants in the genus Juniperus and Thuja of the Cupressaceae are preferred hosts (Moore and Hanks 2004) . Due to the overall high abundance of bagworms on these hosts, population studies have often focused on plants in these genera (Berrisford and Tsao 1975 , Sheppard and Stairs 1976 , Gross and Fritz 1982 , Cronin 1989 , Cronin and Gill 1989 . Only one study has evaluated demographic processes of T. ephemeraeformis populations on white pine, Pinus strobus L. (Horn and Sheppard 1979) .
Although T. ephemeraeformis is highly polypagous at the species level, individual larvae may be physiologically constrained in their ability to exploit a broad range of host plants (Jones and Parks 1928 , Davis 1964 , Neal and Santamour 1990 , Ward et al. 1991 . Mortality among neonates who balloon to new plants is high (Cox and Potter 1986) . Bagworm larvae emerging on a suitable host are less likely to disperse than those on less preferred species (Moore and Hanks 2004 ). Anecdotal evidence suggests that neonate T. ephemeraeformis commonly do not disperse but rather remain on their natal host where they start feeding (Riley 1869 , Jones and Parks 1928 , Gross and Fritz 1982 . This observation may explain the spatial distribution of bagworm populations, e.g., heavily infested trees surrounded by uninfested trees (Sheppard 1975, Sheppard and Stairs 1976 ; see also Harrison 1994 , Rhainds et al. 1998 . Comparing the relative abundance of bagworms on individual trees over consecutive generations provides a tool to infer the incidence of betweentree dispersal among neonates.
Many aspects related to the population dynamics of bagworms have been investigated, such as mortality factors during the pupal stage, sex ratio, and proportion of reproductive females (Barrows 1974 , Barrows and Gordh 1974 , Sheppard 1975 , Sheppard and Stairs 1976 , Horn and Sheppard 1979 , Gross and Fritz 1982 , Cronin 1989 , Cronin and Gill 1989 , Ellis et al. 2005 . However, limited information is available on the survival rate of larvae (Kulman 1965 , Berrisford and Tsao 1975 , Sheppard and Stairs 1976 . Hypothetical life tables of T. ephemeraeformis have been conducted assuming a 99% level of mortality among larvae, without any empirical supporting this critical assumption (Horn and Sheppard 1979) . In fact, no study has assessed larval survival by evaluating ßuctuation in abundance of live bagworms over time.
Understanding the phenology of bagworms is important from an applied perspective, i.e., to enhance synchrony between timing of control measure and actively feeding larvae. The emergence of neonate larvae in the spring has been studied extensively, and predictive models based on degree-day accumulations are available to forecast the timing of insecticide treatment against early instars Waldbauer 1980, Neal et al. 1987) . In some situations, insecticide treatments against late instars may prevent defoliation because the intensity of damage caused by larvae increases over time (Kaufmann 1968) . Forecasting the timing of adult emergence is also important, because of the potential for using pheromone-based mating disruption to reduce bagworm populations (Klun et al. 1986 ). Although it is known that T. ephemeraeformis pupate and emerge some time in late summer or early fall (Morden and Waldbauer 1971 , Gross and Fritz 1982 , Cronin and Gill 1989 , empirical data are surprisingly lacking with respect to the timing of pupation and adult emergence in the Þeld.
This study investigated the population dynamics of T. ephemeraeformis on hedge rows of white pine. Spatiotemporal elements related to population dynamics were evaluated by sampling 12 populations of bagworms repeatedly over time. A particular emphasis was made on demographic parameters that have been studied insufÞciently, including among-tree variation in population density in past and current generations of bagworms, seasonal variation in abundance of live larvae, and phenology of pupation and adult emergence.
Materials and Methods
Characteristics of Sampling Sites. The study was conducted between May and October 2007 in residential and rural areas located within 50 km of Lafayette, IN. We used satellite images (Google Earth 2007) to identify sites having hedge rows of conifers and visited each site to determine the tree species composing the hedge row, as well as the presence or absence of bagworms. The 12 sites selected for the study consisted predominantly of white pines, carried live bagworm larvae, and had no history of insecticide application during the previous 2 yr (see Table 1 for location and characteristics of white pines in the 12 study sites). We calculated the volume of white pines (V) in each site by using the equation of a perfect cone when branches of adjacent pines within a row were not touching [V ϭ { * (L/2) 2 } * {H/3}], or the equation of an elliptical cone when branches were touching [V ϭ { * (L/2) * (W/2)} * {H/3}], in which H is the height of trees (measured with a Biltmore stick; Forestry Suppliers Inc., Jackson, MS), W is the distance between white pines within a row, and L is the length of the foliage perpendicular to the row. All white pines within a given hedge row were individually labeled and sampled repeatedly over time to estimate the variation in abundance of bagworms. Assessment of Population Density in Past Generations of Bagworms. Bagworm density from past generations was estimated by counting pupal bags that accumulated on white pines over time. Old pupal bags can be distinguished from those of the current-year generation by their overall appearance, greyish coloration, and weathering. Visual assessment revealed that a majority of bagworms was located in the lower half crown of white pine, whereas very few individuals were observed in the upper half canopy, even on tall trees. Hence, we focused our census of bagworms on the lower crown of white pines Ͻ2.5 m above ground. On each tree, the number of bags was recorded on six main branches perpendicular to the row of white pines (three branches on each side of the tree). When fewer than six branches were available, we sampled at least three branches per tree. A main branch was deÞned as an organ originating directly from the main stem and encompassing several lateral branches. Because branch lengths varied greatly between sites, the density of bagworms on different trees was expressed as the number of pupal bags per branch or per meter branch section (number of bags per branch divided by one-half the width of the tree canopy measured perpendicular to the row of white pine).
Assessment of Demographic Parameters for Current-Year Generation of Bagworms. The abundance of live bagworms from the current-year generation was recorded repeatedly over time using two sampling methods: 1) density estimates on a per shoot basis, and 2) density estimates on a per minute basis. For the Þrst method, the number of bagworms was assessed on each tree every 1Ð3 wk between 18 June and 27 August by cutting twelve 30-cm-long shoot sections distributed around the lower 2.5-m crown strata (Þve to six sampling periods at different sites; Table 2 ). Destructive sampling of branch sections is not expected to bias assessment of population density during subsequent time periods, unless the probability that a larva is present on a given branch section is inßuenced by removal of other branches in the past. We calculated an index of weekly population decline for each site by using the following ratio:
is the average number of live bagworms per 30-cm shoot during the last sampling period late in the season (27 August), d o is the average number of larvae per 30-cm shoot during the Þrst sampling period (18 JuneÐ9 July in different sites), and t is the interval in week between the Þrst and last sampling assessments. For the second method, one of every four trees was sampled each week between 3 and 24 September by collecting all pupal bags from the current-year generation during a 4-min period. We used this method late in the season because it allowed us to collect enough bags to accurately determine level of mortality, sex ratio, and proportion of emergence (see below). At the end of the 4-wk sampling period in late season, bags had been collected from every pine tree at each site. Upon completing sampling assessments on 24 September, we realized that a signiÞcant proportion of pupae had not yet emerged at some sites. For these sites, bags were collected during one additional week to document the entire period of adult emergence.
We recorded life stages of bagworms sampled after 16 July by opening each bag and classifying individuals as either larva, male or female live pupa, male or female dead pupa, or emerged adult. Criteria used to categorize the life stage of bagworms include: tight attachment of pupal bags to the host plant, extreme sexual dimorphism of male and female pupae, traces left by natural enemies inside the bags, protrusion of an empty pupal case from the lower extremity of the bag (indicative of male emergence), and presence of pheromone-impregnated yellow setae in the lower segment of a female bag (indicative of female emergence) (Sheppard 1975 , Rhainds et al. 1999 . The following demographic variables were calculated: 1) pupation rate [(number of pupae ϩ number of adults)/(number of larvae ϩ number of pupae ϩ number of adults)] for different times; 2) sex ratio [number of females/(number of females ϩ number of males)] for trees sampled between 3 and 24 September; 3) mortality during the pupal stage for both males and females [number of dead pupae/(number of dead pupae ϩ number of live pupae ϩ number of adults)] for trees sampled between 3 and 24 September; and 4) proportion of male and female emergence [number of adults/(number of live pupae ϩ number of adults)] for different times. For variables one and 4, we discarded sampling periods having Ͻ3 individuals, and excluded from analysis any site having less than three individuals during more than one sampling period.
Statistical Analyses. Statistical analyses were conducted using the SAS statistical package (SAS Institute 2002) . We used analysis of variance (ANOVA) (Proc GLM) to evaluate the variation of demographic parameters at different sites [number of pupal bags from previous generation of bagworms per branch or per meter branch section, number of larvae sampled early in the season (the Þrst sampling assessment varied between 18 June and 9 July at different sites; Table 2 )], treating site as a Þxed factor. For the different sites, we compared the number of bagworms per 30-cm shoot section at different time by using ANOVA; means were separated using the StudentÐNewmanÐKeuls test. It was not possible to use a repeated measure ANOVA because the sampling periods for the different sites varied. Factorial ANOVA was used to evaluate variation in abundance and pupal mortality of males and females, treating sex and site as Þxed factors.
We used regression models (Proc REG) to evaluate the following relationships, both on a large spatial scale (one regression model using the average values observed at each site) and a small spatial scale (one regression model for each of 12 sites, with 8 Ð121 trees at different sites): 1) number of old pupal bags (ϭpop-ulation density in past generations of bagworms) versus volume of white pine; 2) number of old pupal bags per meter branch section versus volume of white pine; (3) number of larvae per 30-cm shoot section early in the season versus number of old pupal bags per meter branch section; 4) number of larvae per 30-cm shoot section late in the season (last sampling period) versus number of old pupal bags per meter branch section; 5) weekly rate of population decline versus initial density of larvae per 30-cm shoot early in the season; 6) average number of bagworms per shoot during the last three sampling periods versus number of bags collected per 4-min period; 7) proportion of females versus population density in past and current-year generations; 8) proportion of dead female pupae versus population density in past and current-year generations; and 9) proportion of dead male pupae versus population density in past and current-year generations. The dependent variables in regressions 7Ð9 were proportional data, and it was not possible to conduct analyses on a small spatial scale for these data because several white pines carried few or no bagworms. For each site, we used logistic regression models (Proc LOGISTIC) to evaluate the cumulative proportion of individuals that attained the pupal stage or emerged as adults (separate models for male and female emergence) for different times; each sampling period was attributed the Julian date corresponding to the Monday of each week. Data were subjected to logarithmic (abundance of bagworms), square root (volume of tree) or arcsine (proportional data) transformations to reduce heterogeneity of variance.
Results
Population Density of Bagworms in Past Generations. The abundance of pupal bags that accumulated on branches of white pine varied signiÞcantly between sites (number of bags per branch: F ϭ 13.38; df ϭ 11, 326; P Ͻ 0.0001; number of bags per meter branch section: F ϭ 13.71; df ϭ 11, 326; P Ͻ 0.0001). The average population density observed at different sites ranged between 0.52 and 8.00 pupal bags per branch and between 0.14 and 2.77 pupal bags per meter branch section (Table 1) . On a large spatial scale, there was no relationship between the volume of white pines and the density of pupal bags per branch (r 2 ϭ 0.016, P ϭ 0.696) or per meter branch section (r 2 ϭ 0.113, P ϭ 0.285). On a small spatial scale, volume of white pine was correlated with the density of bagworms per meter branch section at two of 12 sites (one positive relation at site 1: r 2 ϭ 0.077, P ϭ 0.002; one negative relation at site 2: r 2 ϭ 0.383, P ϭ 0.005), and with the density of bagworms per branch at one of 12 sites (one positive relation at site 1: r 2 ϭ 0.171, P Ͻ 0.0001).
Intergenerational Variation of Population Density. We compared estimates of abundance for past (number of old pupal bags per meter branch section) and current-year generations (number of live individuals per 30-cm shoot section). On a large spatial scale, the population density in past generations of bagworms was positively correlated with the abundance of live bagworms early but not late in the season (Fig. 1) .
On a small spatial scale, we conducted regression analysis at each site by comparing the number of live bagworms on individual trees for different sampling periods versus the number of old pupal bags per meter branch section. Overall, the abundance of larvae on individual trees early in the season was associated with the number of old pupal bags in Þve of 12 sites (Fig.  2) . In three sites, positive relationships were observed during each sampling period. In site 7, a positive relationship was detected early but not late in the season. In site 1, the following sequence was observed: positive relationship (week 1), lack of signiÞcant relationship (weeks 4 Ð 6) and negative relationship (weeks 8 Ð11) (Fig. 2) .
Variation of Population Density over Time in Current-Year Generation of Bagworms.
The number of larvae sampled on shoots of white pine early in the season varied signiÞcantly between sites (F ϭ 17.33; df ϭ 11,326; P Ͻ 0.0001) and ranged between 0.030 and 0.505 individuals per 30-cm shoot ( Table 2 ). The population of live bagworms declined over time in nine of 12 sites, and the decline was most marked early in the season: no signiÞcant differences in abundance of live bagworms per shoot were observed during the last three sampling periods for any site ( Table 2 ). The three sites where the density of bagworms remained constant over time had the lowest initial population density (Ͻ0.088 individuals per shoot). In fact, the weekly rate of population decline was positively correlated with the initial population density of larvae (Fig. 3) . In sites with initially high densities, the decline in abundance was spectacular; in site 1, for example, the density of live bagworms was initially 0.505 individual per shoot and had fallen to 0.021 10 wk later, corresponding to an overall reduction in abundance exceeding 95% (Table 2) .
Phenology of Bagworms at Different Sites. After the onset of pupation on the 13 August, the cumulative proportion of individuals at the pupal stage steadily increased over time following a sigmoid curve, with a median pupation date around 24 August (Fig. 4) . The calendar date corresponding to 50% of individuals at the pupal stage ßuctuated between 20 August and 2 September at different sites (Table 3) . Duration of pupation, deÞned as the interval between onset and termination of pupation (Þve and 95% of individuals at the pupal stage, respectively), varied between 14 Ð 43 Fig. 2 . Relationship between the density of bagworms on white pine in previous and current-year generations on a small spatial scale for each of 12 sites. Separate regressions were conducted for each site and sampling period. For graphic representation, sampling periods were pooled for sites where the same trends were observed for different periods. The numbers in the top left corner indicate the site and sampling period, respectively (see Tables 1 and 2 for details on sites and sampling periods). C, cumulative data, in sites where the same trend was observed for each sampling period. When c or more than one sampling period is indicated, e.g., 7, 6Ð11, average values per time period are plotted. Fig. 3 . Rate of decline in abundance of live bagworms on white pine as a function of the initial density of larvae at 12 sites. Densities of larvae for different sampling periods are listed in Table 2 . Fig. 4 . Seasonal phenology of bagworms on white pine at 12 sites. For each time period, the cumulative proportion of individuals that attained the pupal stage or emerged as adults was evaluated by pooling data across sites. The phenology of bagworms at different sites is summarized in Table 3. d at different sites (Table 3 ). This broad range of variation shows that larvae pupate over a short interval of 2 wk at some sites, and a long interval of 6 wk at other sites.
After the onset of emergence on the 27 August, the cumulative proportion of emerged adults increased over time following a sigmoid curve, with a median emergence date Ϸ20 September for both males and females (Fig. 4) . At some sites, the density of bagworms was too low to accurately describe the pattern of adult emergence of males or females (less than three individuals of either sex during more than one sampling period). At the six sites where the emergence of both males and females could be described with logistic regression models, no consistent trend was observed in terms of which sex emerged Þrst. The Julian date corresponding to 50% cumulative emergence of females preceded that of males by 2Ð5 d at three sites (3, 4, and 8), whereas the opposite pattern was observed at site 7; the median emergence date was identical for males and females at sites 1 and 9 (Table  3 ). The median emergence date of females varied between 11 and 22 September at different sites (Table  3 ). The duration of the emergence period at different sites varied between 18 and 32 d for females and 23 and 31 d for males (Table 3) .
Sex Ratio of Bagworm Populations. We assessed the sex ratio of bagworm populations at different sites by using individuals collected on white pines during 4-min periods between 3 and 24 September, an interval over which Ͼ90% of individuals had attained the pupal stage (Fig. 4) . This sampling procedure provided an accurate estimate of the variation of population density within and between sites, as evidenced by the strong positive relationships between the average number of larvae per shoot during the last three sampling periods (an interval over which no signiÞ-cant variation in abundance was observed; Table 2) and number of bags collected per 4-min period both on a large spatial scale (one regression model using average values per site: r 2 ϭ 0.913, P Ͻ 0.0001) and on a small spatial scale (separate regressions for each of 12 sites using values on individual trees, P Ͻ 0.05 for 10 of 12 sites).
The abundance of male and females varied at different sites, as indicated by a signiÞcant effect of sex (F ϭ 7.89; df ϭ 1, 652; P ϭ 0.0051) and site (F ϭ 13.11; df ϭ 11, 652; P Ͻ 0.0001). The signiÞcant interaction between sex and site (F ϭ 2.69; df ϭ 11, 652; P ϭ 0.0022) justiÞed the comparison of male and female abundance per tree at each site using paired t-tests. Females were more abundant than males at Þve sites, whereas the opposite pattern was observed at one site; males and females were equally abundant at the other six sites (Fig. 5A) . We found no relationship between the proportion of females in different populations and either the density of bagworms from past generations (r 2 ϭ 0.078, P ϭ 0.380) or current-year generation (r 2 ϭ 0.15, P ϭ 0.214). Mortality during the Pupal Stage. The mortality of pupae was assessed using samples of bagworms collected on white pines during 4-min periods. The mortality of pupae varied at different sites (F ϭ 8.94; df ϭ 11, 382; P Ͻ 0.0001) and was higher for males than females (F ϭ 48.48; df ϭ 1, 382; P Ͻ 0.0001). The nonsigniÞcant interaction of sex by site (F ϭ 1.02; df ϭ 11, 382; P ϭ 0.423) indicated that the higher level of mortality for males than females was consistent across sites (Fig. 5B) . Mortality factors included parasitism, predation by unknown organisms, and fungal or viral diseases. The level of mortality was positively correlated with the population density in past generations of bagworms only for females (Fig. 6) ; population density in the current-year generation did not correlate with the mortality of females (r 2 ϭ 0.000, P ϭ 0.963) or males (r 2 ϭ 0.051, P ϭ 0.479). Model 1: y ϭ cumulative proportion of individual bagworms that attained the pupal stage; model 2: y ϭ cumulative proportion of emerged females; model 3: cumulative proportion of emerged males. The median calendar date represents the julian date corresponding to y values of 50%. The duration of pupation or adult emergence represents the interval between y values of 5 and 95%. Empty spaces indicate that temporal patterns of pupation or emergence could not be accurately determined due to the overall low no. of individuals sampled. The phenology of bagworms could not be assessed in site 12 due to low pop density. The characteristics of the different sites are listed in Table 1 .
a It was not possible to calculate the duration of adult emergence in several sites, because Ͻ95% of adults had emerged during the last sampling period (week of 1 Oct.).
Discussion
This study evaluated spatiotemporal elements related to the population dynamics of T. ephemeraeformis on white pine, a host that has been rarely investigated in the past. Intensive sampling carried out at 12 sites repeatedly over time provided new information on the dispersal behavior of larvae, mechanisms involved in population regulation, and seasonal phenology of pupation and adult emergence.
Dispersal Behavior of Larvae. Ballooning, deÞned as the wind-dispersal of neonatal larvae attached to a silk thread, is a life history trait shared by several lepidopteran species with ßightless females, including bagworms (Barbosa et al. 1989) . Because mortality during ballooning episodes is often high, neonates in many ßightless species commonly do not disperse when they emerge on a suitable host (references in Rhainds et al. 1998 Rhainds et al. , 2002 . In terms of population dynamics, ßightlessness of females combined with minimal dispersal among neonates generate persistent, restricted outbreak conditions, characterized by some trees being consistently infested over time, whereas surrounding trees remain uninfested (Harrison 1994) .
We used accumulation of pupal bags on white pines over time to estimate the cumulative density of bagworms from past generations. A useful tool for describing temporal variation in population density as well as the incidence of larval dispersal is provided by comparing this index of population density in previous generations with the abundance of bagworms during the current-year generation (live individuals), assuming that pupal bags have accumulated in recent history rather than over a prolonged period of several years. Interviews with homeowners suggest that bags had accumulated on white pines in recent years at our experimental sites, an observation corroborated by the paucity of very old bags covered with mold.
On a large spatial scale, the density of pupal bags from past bagworm generations was positively correlated with the abundance of larvae early but not late in the season (Fig. 1) . The high abundance of young larvae early in the season in sites with a history of heavy infestation (Fig. 1) partly supports the hypothesis that localized outbreaks of bagworms are persistent over time. However, site-speciÞc reduction in bagworm abundance over time under the action of different mortality factors eventually resulted in a nonsigniÞcant relation between the local abundance of bagworms late in the season and population density in past generations (Fig. 1) . Mechanisms underlying the density-independent variation in local abundance of bagworms between generations remain to be investigated.
Analysis conducted on a small spatial scale weakly supported the hypothesis that neonate T. ephemeraeformis commonly do not disperse from their natal host (Fig. 2) . The density of pupal bags from past bagworm generations on individual trees was positively correlated with the abundance of larvae at least early in the season for Þve of 12 sites. Three scenarios emerged: 1) In sites where the relationship was strong and consistent throughout the season (3, 4, and 10), trees that began the summer with a large number of old pupal bags supported a high density of larvae, whereas trees with a low incidence of old pupal bags carried few larvae. This observation supports the hypothesis that under certain conditions limited dispersal among neonates generates persistent, restricted outbreak conditions on individual trees (Harrison 1994) . 2) The signiÞcant positive relation between the density of old pupal bags from past generations and the density of live larvae early but not late in the season in sites 1 and 7 suggests that neonates initially had the tendency not to disperse from their natal host. The lack of relationship late in the season may have been due to differential mortality experienced by larvae on individual trees, or to between-tree dispersal among late instars.
3) The lack of any signiÞcant relation between density Abundance and mortality level of male and female bagworm pupae on white pine at different sites. (A) Density of pupae: the abundance of male and female pupae on individual trees was compared using paired t-test; bars superscripted by an asterisk indicate that the number of male and female pupae in a given site differed at the level P Ͻ 0.05. (B) Mortality of pupae: a signiÞcantly higher level of mortality for males than females was consistent across sites. The characteristics of the different sites are listed in Table 1 . of bagworms in past and current year generations in seven of 12 sites suggests that dispersal contributes to the redistribution of bagworms among white pines over time, although other demographic variables not recorded in the study may have also inßuenced the results. Altogether, the scenarios outlined above suggest a broad range of variation among sites in terms of larval dispersal and mortality level, and an overall lack of general trend in terms of local population dynamics.
Considering the potentially high incidence of dispersal among larvae in some sites, large white pines would be expected to intercept the highest number of ballooning larvae Santamour 1990, Ghent 1999) . However, our data fail to support that hypothesis. The abundance of bagworms that accumulated on white pine over time was not inßuenced by tree volume in 10 of 12 sites; in the other two sites, no consistent trend was detected, because both positive and negative relationships were observed.
Seasonal Phenology of Pupation and Adult Emergence. Limited information is available on the timing of pupation and adult emergence in T. ephemeraeformis. Our data support previous statements related to the timing of pupation and adult emergence in late summer or early fall ( Fig. 4 ; Gross and Fritz 1982, Cronin and Gill 1989) , but also indicate a considerable level of phenological asynchrony across sites. The median date corresponding to 50% cumulative pupation or emergence varied by Ϸ12 d at different sites (Table  3) , which indicates that individuals pupate and emerge as adult almost two weeks earlier at some sites than others. The duration of pupation and emergence greatly varied between sites; for example, 90% of individuals pupated over a short interval of 14 d at some sites, and over a long interval of Ͼ40 d at other sites (Table 3) . Males and females emerged at approximately the same time (Fig. 4) . Because the study was conducted in a restricted area (50 km around Lafayette), it seems unlikely that variation in temperature was responsible for the phenological asynchrony observed at different sites. It is possible that nutritional attributes of white pine have inßuenced the timing of pupation and emergence in the different sites. An ongoing investigation suggests that the quality of host plants is correlated with a shorter period of larval development for T. ephemeraeformis, which may induce a mosaic of emergence time among metapopulations of bagworms at the landscape level (Rhainds et al. 2008) .
Parameters That Contribute to Population Regulation. The elaboration of a hypothetical life table of T. ephemeraeformis on white pine identiÞed disappearance between the egg and pupal stage as the major factor associated with a spectacular decline in population density over a 5-yr period (Horn and Sheppard 1979) . Evidence to support this hypothesis remains circumstantial, however, because the study involved only one site that was sampled once per year. Our study complements that of Horn and Sheppard (1979) by recording the abundance of T. ephemeraeformis on white pine repeatedly over time at 12 sites. Of particular interest is our Þnding that the weekly rate of population decline during the larval stage increases with the initial density of larvae (Fig. 3) , which supports the hypothesis that density-dependent larval mortality is a key factor involved in the regulation of T. ephemeraeformis populations. Seasonal variation in the abundance of larvae indicated a steep decline in population density early in the season at some sites, followed by a relatively constant number of live bagworms in August (Table 2 ), which suggests a higher level of mortality for early instars than late instars.
Previous studies have documented the existence of male-and female-biased sex ratios in populations of T. ephemeraeformis (Barrows 1974 , Sheppard and Stairs 1976 , Horn and Sheppard 1979 , Gross and Fritz 1982 , Cox and Potter 1988 , Cronin and Gill 1989 . In our study, the sex ratio of bagworm populations varied at different sites (Fig. 5) , but the proportion of females was not inßuenced by the density of bagworms in past or current-year generations. This result contrasts with previous reports that male-biased sex ratios on deteriorated plants may lead to severe population decline (Jones 1927 , Jones and Parks 1928 , Barrows 1974 , Cruttwell 1974 , Horn and Sheppard 1979 , Cox and Potter 1988 .
A higher level of mortality for male pupae than female pupae (Fig. 5 ) has been reported in several studies (Sheppard 1975 , Gross and Fritz 1982 , Cox and Potter 1988 , which may be attributed, in part, to the inability of parasitoids to reach the pupal case of females (Cronin and Gill 1989) . Female pupae suffered enhanced mortality at sites with high population density in past generations of bagworms, whereas the abundance of bagworms in current-year generation had no effect on mortality (Fig. 6) . In contrast, mortality of male pupae was not inßuenced by population density in either past or current generations of bagworms (Fig. 6) . The mechanism by which female pupae suffer a high level of mortality at sites heavily infested with bagworm in the past may involve a buildup of natural enemies over time at these sites. We are currently investigating mortality factors that may differentially affect male and female pupae across a broad range of host plants, to unravel parameters involved in the sex-speciÞc impact of population density on the level of mortality during the pupal stage.
